Abstract. Dehydrins (DHNs) are proteins that accumulate abundantly in various plant tissues in response to environmental stresses and during seed maturation, possibly assisting cells in tolerating dehydration. White lupins (Lupinus albus L.) are able to withstand periods of severe water deficit (WD) and previous work suggested that the stem plays a central role as a survival structure. To investigate DHNs involvement in this strategy, we studied tissue specific protein accumulation of a RAB16-like DHN in lupin during a progressive WD and early recovery. Differences were found between leaves, stems and roots. In leaves and roots, the accumulation of the RAB16-like DHN was independent of the water status whereas in the stem (cortex and stele), DHNs were only detected under severe plant WD (stele relative water content, RWC, reduction of 6-7% and cortex RWC reduction of 20%). DHN mRNA analysis by RT-PCR, showed the presence of one DHN mRNA regardless of the tissue or the plant water status.
Introduction
Dehydrins (DHN) belong to a category of proteins that accumulate during the late stages of embryogenesis and are also known as the LEA (late embryogenesis abundant) D-11 family or group 2 LEA (Dure et al. 1989; Ingram and Bartels 1996) . They are also called RAB (responsive to ABA) proteins due to the induction of their expression by this phytohormone (for a recent review, see Allagulova et al. 2003) . DHN proteins have also been detected in various plant tissues during cellular dehydration, being generally produced 'on call' (Chandler and Robinson 1994) . The characteristic features of these proteins are essentially a conserved sequence (the K-segment) always present in one or more copies (up to 11), a facultative tract of serine residues (the S-segment) and/or a N-terminal consensus sequence (the Y-segment) (Close 1996) . Although their functions are not fully understood, they have been assumed to assist cells in tolerating dehydration, namely by stabilising other proteins and/or membranes (Close 1996; Ismail et al. 1999; Svensson et al. 2002; Hara et al. 2004) .
Lupins (Lupinus spp.) are grain legume crops with increasing potential as a source of protein for animal and human nutrition, widely cultivated throughout regions of Mediterranean climate. Lupins are frequently subjected to water deficit (WD) and seem to have developed specific strategies to withstand periods of severe WD, such as accelerated leaf senescence and massive leaf shedding with positive impact on water saving (Rodrigues et al. 1995; Chaves et al. 2002; Munné-Bosch and Alegre 2004) . On the other hand, the stem seems to act as a temporary storage organ during drought (Rodrigues et al. 1995; Pinheiro et al. 2001 Pinheiro et al. , 2004 . Important tissue-specific metabolic changes occur in water-stressed lupin, which depend on the intensity of the stress and suggest multiple strategies in different tissues to cope with WD (Pinheiro et al. 2001) . DHN accumulation during seed development is relatively well known, however, its involvement in other processes, namely plant recovery after a stress is largely unexplored. In the present work, we evaluated whether DHN display tissue-specific responses to a progressive WD. For that purpose, we studied the accumulation of DHN protein and mRNA in different lupin tissues during a slowly imposed WD and its relief.
Materials and methods

Plant material and water deficit treatment
Four separate experiments were performed with white lupin (Lupinus albus L. cv. Rio Maior) sown in plastic pots (20 cm height, 19 cm diameter) containing 5 kg substrate and cultivated as previously described (Pinheiro et al. 2001) . Water deficit (WD) was imposed 23 days after sowing by withholding water for up to 13 days and rewatering took place on the 13th day. The progression of the stress and the recovery process were monitored by measuring the leaf water potential at predawn ( pd) using a Scholander pressure chamber (PMS Instrument Co., Corvallis, OR, USA). WD effect in each tissue was evaluated by means of relative water content (RWC) according to Rodrigues et al. (1995) . To evaluate plant recovery, total aboveground shoot biomass was determined until 20 days after rewatering.
Several tissues were flash frozen in liquid nitrogen and kept at −80
• C until analysis.
Protein extraction and immunoblot analysis
Samples form four independent assays were used for protein extraction (Pinheiro et al. 2001) and protein content quantified (Bradford 1976) . Denaturing electrophoresis (SDS-PAGE) and two-dimensional electrophoresis (2DE) were performed to address distinct questions: SDS-PAGE to monitor DHN presence in the several tissues and stress/recovery conditions; 2DE to obtain information on the isoforms present in the relevant tissue(s). SDS-PAGE was performed according to (Laemmli 1970 ) and the proteins transferred (75 V, 30 min, 4
• C) onto PVDF (polyvinylidene difluoride) membranes in a solution of 25 mM Tris, 192 mM glycine and 10% (v/v) methanol.
For 2DE separations, the supernatants were precipitated with 5 volumes of 10% (w/v) TCA (trichloroacetic acid) in cold acetone and the pellets thoroughly washed with cold acetone until the pH was neutralised (usually 4-5 times). Pellets were resupended (0.25 mL/initial g FW) in 8 M urea, 2% (w/v) CHAPS [3-[(3-cholamidopropyl)-dimetylammonio]-1-propane sulfonate], 65 mM DTT (dithiothreitol) and 0.5% (v/v) IPGbuffer pH 3-10 (GE Healthcare Life Sciences, Uppsala, Sweden) for at least 60 min at room temperature. Protein was quantified through a modification of the Bradford method (Ramagli 1999) . Isoelectric focusing (IEF) was performed with an IGPhor unit (GE Healthcare) in 7-cm dry strip gels with immobilised pH gradient 3 to 10. After IEF and equilibration of the IPGstrips (Berkelman and Stenstedt 1998) , SDS-PAGE was performed according to (Laemmli 1970) . Proteins were transferred to PVDF membranes as described above, except for a shorter transfer time (15 min) for 2DE gels (were found to cause large protein losses in longer transfer times).
Blots were incubated for 1 min (SDS-PAGE blots) or 10 to 20 min (2DE blots) with 1 : 1000 dehydration dsp16 antiserum (Schneider et al. 1993) . Detection of the proteins was performed with the ECL Plus system western blotting detection kit (GE Healthcare Life Sciences). The molecular mass of the polypeptides was calculated through relative gel mobility of biotinylated protein standards (no. 161-0306, BioRad Laboratories, Hercules, CA, USA).
Complementary DNA cloning
For cDNA cloning procedures, total RNA was extracted from water stressed L. albus stem stele ( pd = −1.9 MPa) using the RNeasy Plant Mini kit (Qiagen, France) following the manufacturer's instructions. The amount of total RNA was quantified with a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Starlab, USA) at 260 nm. Reverse transcription was performed with 2.75 µg RNA, 200 units of M-MuLV retrotranscriptase (MBI Fermentas, Portugal), 20 units of ribonuclease inhibitor (MBI Fermentas, Portugal), 1,0 mM dNTPs and a dT primer (T(T) 18 A/G/C) (15 pmol) in a reaction volume of 20 µL, at 42
• C for 60 min. The subsequent PCR was performed using 1/10 of the RT reaction, and two degenerate primers Dhnleg1 ( Hochst was due to preliminary results that showed that no PCR amplification was obtained when using the RAB16-like DHN from C. plantagineum as a probe. It should be noticed that highly variable primary structures of DHN are not unusual, the criteria to group them being the presence (and number) of the S, K and Y segments.
The PCR program used (that included an initial denaturation step at 94
• C for 5 min) was as follows: an initial denaturation step (94
• C for 5 min) followed by 35 cycles (1 min at 95 • C; 40 s at 60
• C; and 40 s at 72 • C) followed by 5 min at 72
• C. The product of the PCR reaction was separated on a 2% (w/v) agarose gel in a TRIS-acetate EDTA buffer with ethidium bromide. The PCR product was cloned by ligating into the pGEM-T Easy plasmid (Promega) as described by the manufacturer. DNA sequencing was performed on both strands (Stab Vida, Portugal and Genoscreen, France) and analysed to search for similarities to plant dehydrin genes in the GenBank database (BLAST, NCBI, USA). The full-length DHN cDNA was obtained using the rapid amplification of the cDNA ends using 3 -and 5 -RACE method (5 /3 RACE kit, Roche Diagnostics, France), following the manufacturer's instructions. The complete nucleotide sequence of the cloned LaDhn1 data is registered in GenBank under the accession number AY427790.
RT-PCR analysis
To detect LaDhn1 expression in the different tissues, RT-PCR reactions were carried out using One-Step RT-PCR Kit (Qiagen). One hundred ng of total RNA, quantified with a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Starlab, USA) were used as templates. LaDhn1 specific primers were designed to produce a 167 bp, Lupd1 (forward): 5 -GGAA AAGAAAGGGCTGAAAGA-3 (25 pmole), Lupd2 (reverse): 5 -GCTGACCTGGCAACTTATCC-3 (25 pmole). The protocol was performed on leaves, stem stele and stem cortex of L. albus plants with a different water status (well-watered pd = −0.30 MPa, subjected to progressive WD: 'mild' (S1) pd = −0.70 MPa; 'moderate' (S2) pd = −1.40 MPa; 'severe' (S3) pd = −1.9 MPa, and following rewatering pd = −0.40 MPa). The PCR reactions included an initial denaturation step at 94
• C, followed by 25 cycles with a denaturation step (40 s at 94
• C), an annealing step (40 s at 56
• C) and an extension step (40 s at 72
• C). A final extension was carried out for 10 min at 72
• C. The number of PCR cycles was optimised in order to have results outside the plateau phase. Amplification products were visualised on 2% (w/v) agarose gels in a TRIS-acetate EDTA buffer with ethidium bromide using a UV light transilluminator (Snapshot, Syngene, Ozyme, France).
Results
Characteristics of the WD imposed to L. albus plants, mild (S1), moderate (S2) and severe (S3), based both on leaf pd and tissue RWC are in (Table 1) .
WD was first evidenced in leaf blade and fleshy roots at 6 days after withholding water (DAW). Rapid plant recovery was visible from the pd and RWC parameters, being further supported by the quantification of the aboveground shoot biomass (Fig. 1) . Eleven days after rewatering, shoot fresh weight resembled that of control plants (at the onset of the assay) and 20 days after rewatering, shoot biomass was still increasing, i.e. plants were growing. 0 (C) −0.30 ± 0.07 88 ± 1 7 0 ± 2 8 3 ± 3 9 7 ± 3 3 −0.33 ± 0.09 88 ± 1 6 9 ± 1 8 3 ± 2 9 6 ± 2 6 (S1) −0.68 ± 0.11 76 ± 2 6 6 ± 1 8 4 ± 1 9 1 ± 5 9 (S2) −1.40 ± 0.10 61 ± 3 6 0 ± 2 8 1 ± 2 8 6 ± 3 13 (S3) −1.90 ± 0.26 50 ± 5 5 5 ± 1 7 8 ± 1 7 0 ± 1 14 A (R) −0.39 ± 0.06 83 ± 2 7 3 ± 1 8 8 ± 2 9 5 ± 2 15 B (R) −0.34 ± 0.05 88 ± 1 7 7 ± 1 8 9 ± 2 9 3 ± 3 A 24 h rewatered. B 48 h rewatered. 
Detection of lupin DHN proteins
By using a polyclonal antiserum directed against the C. plantagineum RAB16 DHN, three polypeptides (with an estimated molecular mass of 47, 31 and 24 kDa) were found to be constitutively present in the leaves of L. albus and to be insensitive to the changes in the tissue water status (data not shown). In the root tissue, a unique 29 kDa polypeptide was detected and its presence also seemed to be independent of the plant water status (data not shown).
In the stem cortex and the stem stele, DHN polypeptides were not detected under well-watered conditions or mild stress. However, one polypeptide of estimated molecular weight of 29 kDa recognised by the antiserum was present in both stele and cortex tissues under severe water deficit (S3) conditions ( pd = −1.9 MPa) and to a lesser extent 24 h after rewatering ( pd = −0.40 MPa) (Fig. 2) . Its expression was significantly more intense in the stele than in the cortex.
This 29 kDa polypeptide band detected by SDS-PAGE in the stem was separated in several forms, differing slightly in their MWs and pI, by 2DE (Fig. 3) .
Two days after rewatering, no band was detected in the cortex, but in the stele, 2 of the 4 isoforms shown in Fig. 3B visible (data not shown). The presence of several polypeptides with distinct pI can be a consequence of post-translational modifications. The DHN proteins have phosphorylation sites and it was already observed that DHN phosphorylation can occur in a stress dependent manner, namely at the S-segment (Close 1996; Heyen et al. 2002; Röhrig et al. 2006) . Further studies are needed to clarify these points.
Cloning of a putative DHN cDNA
A PCR band of 400 bp was obtained when using the set of degenerate primers designed from DHN consensus sequences. Only one clone was detected, despite the use of several primers and different PCR conditions (data not shown). The LaDhn1 cDNA fragment was used to design specific primers for the 3 /5 RACE procedures. A total of 817 bp was obtained which contained the full length LaDhn1 (GenBank accession number AY427790). The ORF started with an ATG at position 33 and was interrupted at position 692 by a stop codon (TGA) (Fig. 4) . The deduced protein had 219 amino acid residues and a calculated MW and pI of 24.8 kDa and 5.39, respectively (http://www.expasy.org/tools/dna.html, accessed 4 December 2006). In the predicted ORF, some dehydrin characteristic features were detected such as one serine tract (SSSSSSS), termed the S-segment, and three K-segments (EKKGLKEKIKEKITH; HQKGFLEKIKDKLPG and EKKGLLEKIKEKIPG), classifying the cloned LaDhn1 as a putative SK 3 type dehydrin.
Comparison of the deduced amino acid sequence of LaDhn1 with protein sequence databases indicated high homology to dehydrin type LEA proteins (Fig. 5) .
The MW dissimilarities found between the cloned LaDhn1 and the RAB16-like lupin DHN were are not unusual for DHNs since DHN typically migrate with an apparent MW up to 3-5 kDa greater than the MW predicted from amino acid sequences (Close 1993) . This is mainly due to the high hydrophilic nature of the proteins that alter the DHN electrophoretic mobility when compared with commercially available MW standards. In order to confirm the relationship between the LaDHN1 clone and the detected protein, expressing the LaDhn1 clone in a heterologous system and further study of the LaDHN1 protein would be required.
RT-PCR analysis of LaDhn1 in well-watered and water-stressed lupins
Gene specific primers (Lupd1 and Lupd2) were designed from the LaDhn1 sequence and were used in RT-PCR studies in wellwatered and WD plants. A RT-PCR product of the expected 167 bp length was detected in all tissues tested (leaves, stem cortex and stem stele) both under well-watered conditions, progressive WD and rewatering (Fig. 6 ).
Discussion
Our results for white lupin revealed that in the leaves and roots, DHN protein was constitutive and its presence seems to be independent of the plant water status. These findings contradict the presumed assertion that DHNs are only induced 'on call' by dehydration (Dure 1997) and support the opposite observations in Arabidopsis and Solanum spp. (Nylander et al. 2001; Rorat et al. 2004) . However, in L. albus stem (cortex and stele), the pattern of DHN protein accumulation was directly related to the plant water status, i.e. the accumulation occurred only under pronounced WD. Usually, WD responsive DHNs are detected in tissues that lose a large amount of water, namely resurrection plants leaves (e.g. Schneider et al. 1993; Le et al. 2007 ). This was not the case in lupin where DHN protein expression was higher in the tissue that lost the lower amount of water (the stele), even when the plant experienced a severe stress. We may argue that other signals rather than the tissue RWC per se may be involved in accumulation of DHNs in the vascular tissue, e.g. sugars (strongly accumulated in the lupin stem stele under severe WD) (Pinheiro et al. 2004) . DNH accumulation at the vicinity of the vascular system has already been reported (Schneider et al. 1993; Nylander et al. 2001; Olave-Concha et al. 2004) .
On rewatering, the two stem components also exhibited distinct reactions. The stem stele had a much higher presence of DHN proteins that, additionally, remained in the tissue for a longer period. Such apparent slow recovery was also observed in the stele metabolism of sugars and asparagine (Pinheiro et al. 2004) , evidence of the complexity of whole-plant responses to WD. 
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721 ctttgtttattatcaccctaagacagttcattaattagggtggttgtgttgtgttttgct 781 taatttgagtctatgtttggttaaaaaaaaaaaaaaa Fig. 4 . Nucleotide sequence and predicted amino acid sequence of LaDhn1 cDNA (GeneBank accession number AY427790). Numbers on the left correspond to the nucleotide sequence and numbers on the right correspond to the deduced amino acid sequence. The proteincoding region is shown in uppercase letters, and the 5 -and 3 -untranslated regions are shown in lowercase letters. The predicted protein sequence is a SK 3 type dehydrin, composed of a serine tract (S-segment, shaded) and three consensus K-segments (underlined).
Fig. 5. Alignment of LaDhn1 dehydrin cloned from Lupinus albus (GeneBank accession number AY427790) with other dehydrins namely from
Pisum sativum (GeneBank accession number Z14145), Phaseolus vulgaris (GeneBank accession number U54703), Arabidopsis thaliana (GeneBank accession number AF324699), Populus euramericana (GeneBank accession number AJ300524). Amino acids matching the consensus are shaded. The sequences were aligned using CLUSTALW (NPS@ server) (Combet et al. 2000) .
Leaf
Stem cortex Stem stele C S1 S2 S3 R C S1 S2 S3 R C S2 S1 S3 R Fig. 6 . RT-PCR detection of LaDhn1 mRNA in leaves and the two stem components (stem cortex and stem stele) of Lupinus albus (from three independent RT-PCR replicates). Specific primers originating a sequence of 167 bp were designed from the cDNA sequence LaDhn1 (GeneBank accession number AY427790). C, plants grown in well-watered conditions, pd = −0.30 MPa; S, subjected to progressive water stress. S1, pd = −0.68 MPa; S2, pd = −1.40 MPa; S3, pd = −1.90 MPa; R, 24 h rewatered, pd = −0.4 MPa.
Apart from the distinct tissue pattern of DHN protein accumulation detected in lupin, RT-PCR analysis showed the presence of one lupin DHN mRNA, regardless of the tissue and plant water status. The question of the number of DHNs present in lupin and the relationship between the DHN gene expression and the detected protein(s) should be further addressed. It may be admitted that genes of some DHN are induced by dehydration, while others may function regardless the plant water status. The large number of proteins induced by WD in the lupin stem (Pinheiro et al. 2005) supports the idea that cellular protection under conditions of WD involves several pathways. In this context, DHN are likely to have an important role. To our knowledge, this is the first time that induced accumulation of DHN protein by WD in a tissue that is able to keep a high amount of water (the lupin stem) has been reported. Taken together, our results also suggest that this group of proteins might have tissue specific roles, which are not necessarily, only related to the plant drought responses.
